Tom40 is an integral protein of the mitochondrial outer membrane, which as the central component of the Translocase of the Outer Membrane (TOM) complex forms a channel for protein import. We characterize the diffusion properties of individual Tom40 molecules fused to the photoconvertable fluorescent protein Dendra2 with millisecond temporal resolution. By imaging individual Tom40 molecules in intact isolated yeast mitochondria using photoactivated localization microscopy with sub-diffraction limited spatial precision, we demonstrate that Tom40 movement in the outer mitochondrial membrane is highly dynamic but confined in nature, suggesting anchoring of the TOM complex as a whole.
Tom40 is an integral protein of the mitochondrial outer membrane, which as the central component of the Translocase of the Outer Membrane (TOM) complex forms a channel for protein import. We characterize the diffusion properties of individual Tom40 molecules fused to the photoconvertable fluorescent protein Dendra2 with millisecond temporal resolution. By imaging individual Tom40 molecules in intact isolated yeast mitochondria using photoactivated localization microscopy with sub-diffraction limited spatial precision, we demonstrate that Tom40 movement in the outer mitochondrial membrane is highly dynamic but confined in nature, suggesting anchoring of the TOM complex as a whole.
M itochondria play a crucial role in many cellular processes such as energy production, apoptosis and fatty acid metabolism, and are essential organelles of almost all eukaryotic cells. They contain a functional genome, which is considered to be a relic from their free-living proteobacterial ancestors 1 . However the mitochondrial genome contains only a few genes, encoding just eight proteins in Saccharomyces cerevisiae 2 , whereas proteomic studies have revealed around 800 distinct mitochondrial proteins in this organism 3 . Thus, the majority of mitochondrial proteins have to be imported from the cytosol.
Protein import into mitochondria is driven by a multi-component system, with components located in the cytosol, in both mitochondrial membranes, in the intermembrane space and in the mitochondrial matrix. Import occurs in several steps (for review, see 4 ). N-terminal transit peptides of mitochondrially targeted proteins are recognized by the receptors of the TOM-complex (Translocase of the Outer Membrane) Tom20, Tom22 and Tom70 5 and then transported through the outer membrane via the Tom40 protein channel 6 . Outer membrane proteins with b-barrel topology (e.g. Tom40, porins) after passing through the protein-conducting channel are inserted by another outer membrane complex, SAM (Sorting and Assembly Machinery) (for review, see 7 ) . The proteins that are targeted to other mitochondrial sub-compartments undergo further transport through the inner membrane, and, depending on their final destination, are recognized by one of the two inner membrane translocases: TIM22 or TIM23 (for review, see 8, 9 ). Although the components and mechanisms of the mitochondrial protein transport machinery are well understood [10] [11] [12] [13] [14] , knowledge about the movement of these proteins in the mitochondrial membrane is scarce. Research in this direction is currently limited to a recent investigation of a fluorescently labeled Tom40-associated subunit of the TOM complex, Tom7 by Fluorescence Recovery After Photobleaching (FRAP) 15 , a technique previously used for investigating protein diffusion in the mitochondrial matrix [16] [17] [18] [19] . Tom7 was observed to have strongly heterogeneous diffusive properties: the majority of the protein population is freely diffusive, with a diffusion coefficient along the mitochondrial axis in the outer membrane of 0.7 mm 2 /s, whereas a minor sub-population (7%) is virtually immobile 15 .
In the absence of direct experimental investigations of Tom40 movement in the mitochondrial membrane, it was suggested to diffuse freely in the outer mitochondrial membrane, based on the absence of patterns of Tom40 distribution in the outer mitochondrial membrane in electron microscopy investigations 20, 21 .
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In this report we focus on the investigation of how the TOM complex diffuses as a unit: are the protein import pores anchored in the mitochondrial membrane or are they freely moving? Unfortunately, GFP-labeled Tom7 as previously used 15 is not a reliable proxy for the investigations of the diffusive dynamics of the TOM complex. First, it is non-essential for mitochondrial functionality (Dtom7 yeast strain is viable, although it exhibits a slight reduction in growth at higher temperatures (37uC) on non-fermentative media 22 ). This makes it hard to assay for functionality of the Tom7 modified as a Tom7-GFP fusion, especially in the case of the transfection-based approach used by Sukhorukov et al. 15 (see below). Second, Tom7 is known to associate with the TOM complex in a dynamic fashion 23, 24 , which makes it an even more unreliable readout for TOM diffusion. In contrast, Tom40, being a central component of the TOM complex, is essential for the mitochondrial functionality 25 , and hence is an ideal labeling target for monitoring dynamics of the TOM complex.
A promising alternative for studying the diffusive behavior of TOM components by FRAP is Single Particle Tracking (SPT) fluorescence microscopy of GFP-tagged proteins. However powerful, this technique has one serious limitation: autofluorescence of the cytoplasm efficiently masks signal from a single GFP molecule, constituting a serious problem for imaging in yeast cytosol or deep within mammalian cells. Therefore this approach has been limited to the studies of bacteria or, in total internal reflection mode, outer mammalian membrane proteins 26 . SPT analysis of the cytosolic diffusion is possible, but requires fluorophores that are considerably brighter than the currently available GFP variants, or the tethering of several GFP molecules to the target, e.g. labeling mRNA with a dozen GFPs for tracking in the yeast cytoplasm 27 . Even though the SPT technique has revolutionized investigations of eukaryotic outer membrane proteins 28, 29 , due to the limitations discussed above, it has never been applied to mitochondrial targets.
The brunt of biochemical and in vivo investigations of mitochondrial transport is carried out using Saccharomyces cerevisiae as a model organism [30] [31] [32] . The main advantage of using yeast for biochemical and in vivo investigations is its high amenability to genetic manipulations. However, studies of the spatial distribution 33 and diffusion dynamics 15 of components of the TOM complex were performed in mammalian cells transfected with expression constructs for the fluorescently labeled proteins of interest. Even though mammalian cells have somewhat lower fluorescence background than yeast cells, they are much more complex in their genetic manipulations which necessitates usage of the transient expression from a transfection construct. This, however, leads to a heterogeneous protein population, where the fluorescently labeled protein of interest is expressed in the presence of non-labeled one, and in concentrations exceeding normal expression levels. Thus only a portion of the labeled protein may be engaged in functional interactions.
In this report we present an alternative approach to studying diffusional dynamics of individual yeast mitochondrial components. We constructed a S. cerevisiae strain in which Tom40 is expressed under control of its natural promoter as a fusion with the GFP variant Dendra2 34 in the absence of unlabeled protein. Due to the high autofluorescence of the yeast cytoplasm, rather than imaging intact cells, we imaged isolated yeast mitochondria using a state-of-the-art SPT setup (Fig. 1) 
35
. While our assay inherently separates mitochondrial movement within the cell from movement of Tom40 in the mitochondrial membrane, it must be noted that effects of Tom40 interactions with cytoplasmic components such as transport events or subunit exchange are not taken into account in our model system in its current implementation.
The analysis of individual Tom40 trajectories in intact mitochondria recorded with a frame rate of 5 ms reveals that the movement in the outer mitochondrial membrane is highly dynamic but confined in nature, suggesting anchoring of the TOM complex as a whole.
Results
Using the plasmid shuffling approach 34 , we constructed a C-terminal fusion of Tom40 with the photoconvertible GFP variant Dendra2. We took advantage of an available haploid yeast strain with a genomic deletion of Tom40 complemented by plasmid-expressed Tom40 (YKB14-1a, later in the text referred to as simply 'wild-type strain') 36 . The C terminus was chosen for Dendra2 attachment since it was shown that the N terminus contains an assembly signal necessary for the Tom40 integration in the outer mitochondrial membrane 37 . Yeast with functionally deficient mitochondria exhibit the 'petite' growth defect phenotype and a rapid loss of mitochondrial DNA resulting in so-called rho 0 cells 38 . Our Tom40 fusion strain showed no growth defects and was able to grow on non-fermentable media. Growth in such media is strictly dependent on mitochondrial functionality, which in turn is strictly dependent on the functionality of the TOM complex 25 ( Fig. 2A) . We also confirmed functionality of the Tom40-Dendra2 fusion protein (later in the text referred to as Tom40) by measurement of oxygen uptake using a Clark-type oxygen electrode 39 , with wild-type mitochondria as a positive control (Fig. 2B ). Oxygen consumption values for the wild-type and the Tom40-Dendra2 mitochondria are very similar, around 200-300 nM of oxygen per minute per mg of mitochondrial proteins, respectively. From these pilot experiments we concluded that our C-terminal labeling approach of Tom40 did not interfere significantly with its functionality.
For SPT investigations, we isolated mitochondria using a modified protocol according to Entelis et al. 40 . After purification we immediately immobilized the mitochondria on poly-L-lysine coated coverslips and imaged them with frame and exposure times of 5 ms. As a control, we imaged and analyzed immobilized Dendra2 molecules non-specifically adsorbed on the cover glass. Short (,100 ms) photoconversion pulses were used to generate single bright Tom40 (or immobilized Dendra2) molecules, which showed characteristic single-step photobleaching kinetics (Fig. 3PQ) . Using Gaussian fitting we identified positions of individual Tom40 molecules in the sample plane with a localization precision of ,20 nm ( Fig. 3J-P) , which is considerable smaller than Tom40 displacements during time steps (see below).
Representative trajectories of Tom40 movement are presented in Figures 3D, 3H and 4A in which two obvious characteristics are readily apparent. First, Tom40 exhibits severe confinement. It shows a characteristic confinement area size of ,0.3 mm, several times smaller than the characteristic size of imaged mitochondria, as determined both by Differential Interference Contrast (DIC) and fluorescence imaging (Fig. 3A-C and 3E-G) . Second, the Tom40 confinement area has a roughly circular shape, clearly different from the elongated shape of mitochondria (compare Fig 3B vs . D, and Fig. 3F vs. H) . Third, within its confinement area, Tom40 moves rapidly, exploring it in less than 50 ms. As a control, we image immobilized unfused Dendra2 molecules under identical illumination conditions. Figure 4B depicts a representative Dendra2 trajectory. Contrary to Tom40 displacements, individual displacements of Dendra2 are of the same characteristic size as the confinement area (Fig. 4B) . The sub-100 nm confinement size reflects both our precise accuracy of localization as well as the stable vibrational control of the microscopy setup. Figure 4C depicts trajectory averaged mean square displacement (MSD) curves for Tom40 as well as for immobilized Dendra2. The average Dendra2 MSD curve is essentially flat, with a near zero slope resulting in an apparent diffusion coefficient of 0.01 mm 2 s
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. The characteristic size of the confinement for immobilized Dendra2 can be determined from the square root of the plateau, and is 71 nm, characterizing the vibrational stability of the experimental setup. MSD analysis of the Tom40 trajectories underscores their dynamic as well as confined character (Fig. 4C, red curve) , which is already evident from single trajectories (Fig. 4A) . First, the MSD curve plateaus at 30 ms at a value of around 0.08 mm 2 . While unconstrained 'free' diffusion would result in a linear relationship between MSD and time, in the case of confinement, the characteristic size of the confinement region can be obtained from the square root of the MSD plateau. For Tom40, this size is 280 nm. Second, we can obtain an estimate of the diffusion constant (D) from the slope of the MSD curve. For unconstrained diffusion in 2-dimensions, and for 3-dimensional diffusion projected onto 2-dimensions (onto our EMCCD camera), this slope equals 4D. From a linear least-squares fit of the first five MSD points (before the plateau), we obtain an apparent diffusion coefficient of 0.
The CDFs for the 10 ms and the 15 ms steps are displayed in Figure 4D and 4E, respectively. Both CDFs are consistent with an apparent diffusion coefficient, D app of 0.5 mm 2 s
. CDFs with time step changing from 5 to 35 ms are progressively changing in their character (Fig. 4F) . After 30 ms, the CDFs clearly indicate that confinement begins to dominate the diffusion characteristics of Tom40: 30 and 35 ms CDFs are very similar, correlating well with to the plateauing in the MSD after 30 ms (Fig. 4F ). In the case of immobilized Dendra2, both CDF and MSD curves show absence of temporal dynamics, as expected: MSD plateaus at the first time point, 5 ms, and CDFs for time steps from 5 to 35 ms are virtually identical.
Since confinement effects will also affect apparent diffusion coefficients for Tom40 at timescales below 30 ms, we limit the quantitative characterization of Tom40 diffusion to the language of apparent diffusion constants, D app . Conservatively, the obtained apparent diffusion coefficient of 0.5 mm 2 s 21 can be viewed as a lower limit of Tom40's microscopic diffusion coefficient.
Our estimates for Tom40 D app are consistent with the estimate of D app for Tom7 at 0.7 mm 2 s 21 presented in Sukhorukov et al. 15 . However, it is important to note that just as with SPT (see Introduction), the FRAP approach has its own limitations: first, it is a spatially coarse method as it is inherently diffraction-limited. Second, its ensemble nature will misinterpret severe confinement, as in the case of Tom40, as diffusion that is far too slow. A FRAP study of Tom40, which has a confinement volume of at most several diffraction volumes, would result in virtually immobile Tom40, as the ensemble of Tom40 molecules would not move out further than the characteristic distance. It is not inconceivable that the immobile population in the FRAP assay 15 corresponds to Tom7 bound to Tom40, while free Tom7 constitutes the highly mobile population diffusing freely through the entire mitochondrial membrane with a diffusion coefficient similar to that displayed by Tom40 within its confinement area (see Discussion). This highlights the importance of complementing FRAP investigations with an SPT approach, as confinement is readily apparent both from individual trajectories, as well as from the MSD and the CDF analyses.
Discussion
Using single-molecule tracking microscopy of Tom40 homogeneously labeled with photoconvertable GFP variant Dendra2 34 , we show that this central component of the protein import machinery displays highly mobile but confined behavior. There are several possible explanations of those observations. Confinement could be a result of complicated geometry and/or heterogeneity in the lipid composition of the mitochondrial membranes, or alternatively, be caused by protein-protein interactions within the membrane. High mobility in the under-5-ms timescale could be a result of the rapid diffusion in a confined space, thermal movement of the mitochondrial membrane or a combination of both.
In the FRAP investigation of Tom7 dynamics, the majority of Tom7 exhibits unconfined normal Brownian diffusion, with only a minor fraction (,7%) of proteins being immobile 15 . Tom7 is known to be associated with the TOM complex dynamically 23, 24 , which could be a straightforward explanation for heterogeneity of its diffusivity. Another possible cause for variance between our report and that of Sukhorukov et al. 15 is the difference in the labeling approach. In our work the sole source of the labeled Tom40 is expression from a natural promoter in the absence of the non-labeled protein. On the other hand, Sukhorukov et al. 15 used transfection with a vector expressing the fluorescently labeled protein in the presence of genomically encoded unlabeled protein. As was already tentatively suggested in the original report, under these conditions a considerable fraction of GFP-labeled Tom7 will not be incorporated into the functional TOM complexes 15 and will diffuse freely. Therefore, it is quite possible that the observed immobile fraction of Tom7 corresponds to proteins assembled in mature TOM complexes, whereas the mobile fraction represents excess Tom7 not incorporated into functional complexes.
In addition to ensuring the right stoichiometry, expression of the GFP-labeled protein in a background lacking non-labeled protein serves as a stringent test for its functionality and therefore ideally suits functional studies. However, precisely because of the strict requirement for functionality, constructing such yeast strains is considerably more challenging than adopting the transfection-based approach. In the latter case, as long as the labeled protein does not have a dominant lethal effect, functionality is not required, making the transfection-based approach well-suited for visualizing mitochondrial structure per se 13, 14, 33, [41] [42] [43] . Super-resolution imaging and single molecule tracking in intact, isolated and immobilized yeast mitochondria is now technically feasible. Yeast mitochondria are a promising model system for in organello single molecule investigations of mitochondrial protein transport system since yeast are highly genetically amenable, readily producible, and their mitochondria have low background fluorescence. Yeast mitochondria are also devoid of pumps present in bacteria, and thus the delivery of small molecules, such as specific inhibitors, antibiotics and other compounds of interest, to the inside seems straightforward. The small size of yeast mitochondria, however, presents a considerable challenge for SPT investigations of fastmoving targets, as they require exquisite temporal resolution. In such cases, SPT assays may be complemented with fluorescence-based single-molecule techniques that do not rely on tracking. Our mitochondrial imaging assay -with certain modifications -is suited to unravel protein interaction events using fluorescence resonance energy transfer (FRET) 44 in isolated intact mitochondria. This proof-of-principle study, in quantitatively describing the diffusion properties of Tom40, paves the way for more detailed investigations of macromolecular transport in mitochondria at the single molecule level. The possible effects of import events on Tom40 dynamics are not taken into account in the current implementation. Our work enables an in vitro platform for future investigations of mitochondrial import at single molecule level.
Methods
Construction of the Tom40-Dendra2 fusion. For the construction of the Tom40-Dendra2 fusion, we used the yeast strain YKB14-1a (in the main text referred to as simply 'wild-type strain') [MAT a, tom40::HIS4, his4-519, leu2-3 112, Dura3, ade2, YEplac42R (TOM40::URA3)] 36 , kindly provided by Trevor Lithgow (University of Melbourne, Australia). TOM40 gene was first cloned into the pRS415 shuttle vector containing LEU3 as a marker gene using Not I and Xho I sites. Then the site for Nco I restriction endonuclease was created in the resulting plasmid directly after the stopcodon of TOM40 gene using QuikChange mutagenesis kit (Stratagene). Finally, the Dendra2 coding sequence was inserted into this plasmid using yeast recombination in vivo (for detailed description on this approach see 45 ) . For this, the recipient plasmid was linearized with Nco I enzyme. In parallel, Dendra2 coding sequence was amplified by PCR from the pDendra2 plasmid (a gift from Dmitry Chudakov, Institute of Bioorganic Chemistry, Moscow, Russia). The PCR primers contained 40-nt long 39-proximal parts homologous to the corresponding ends of the linearized plasmid. Then, the W303 yeast strain was transformed simultaneously by these two DNAs using the lithium acetate/PEG method 46 . Yeast cells containing the product of homologous recombination between two linear DNA fragments (the PCR product and the recipient plasmid) were selected on medium without leucine. The resulting plasmid coding for the Tom40-Dendra2 fusion protein was isolated using the QiaPrep plasmid purification kit (Qiagen) 47 and, using the plasmid shuffling approach 48 used to replace YEplac42R plasmid in the YKB14-1a strain resulting in yeast strain expressing the fusion protein instead of the wild-type Tom40p (YAP-1, in the main text referred to as simply 'Tom40-Dendra2' strain).
Assays for mitochondrial function. In order to assay mitochondrial functionality of the strain carrying Tom40 fused to Denra2 we used method of growing on the nonfermentable media. Both YKB14-1a (positive control) and YAP-1 were restricted on the nonfermentable media (YPGly) and grown for 4 days at 30uC.
The mitochondrial respiration of the mutant yeast strain was assayed in vivo by direct measurement of oxygen uptake using a Clark-type oxygen electrode (Oxygraph, Hansatech Instruments, Norfolk, UK) at 30uC 39 . YKB14-1a strain was used as a control.
Sample preparation. The yeast mitochondria were isolated according to 49 with minor modifications using a protocol specifically developed to produce highly intact mitochondria. Yeast cells were cultivated in 200 mL of selective media (Bio101 Inc) to OD 600 of 2-3 at 30uC, harvested by centrifugation, washed twice and disrupted with the glass beads (Sigma, d50.5 mm). After two rounds of differential centrifugation (4000 g to eliminate cellular debris and 15000 g to precipitate mitochondria), mitochondrial suspension was loaded on a two-cushions sucrose gradient (0.6 M/1.85 M). After centrifugation, intact mitochondria were collected from the middle fraction sandwiched between two layers of sucrose solutions.
Isolated mitochondria were immediately subjected to microscopy. Mitochondria were immobilized in the coverslips coated with poly-L-lysine. Coating was formed by repetitive washing of the coverslips with 0.02% poly-L-lysine and deionized water. Series of dilutions in 0.6 M sorbitol, 10 mM Hepes-NaOH pH6.8 were prepared in order to determine mitochondrial concentration optimal for imaging at 25uC.
Laser microscopy. We used optical setup described in detail in 35 . In short, we focus a 555 nm wide-field excitation laser (CrystaLaser) into an Olympus IX81 inverted microscope onto the back aperture of an Olympus TIRF objective (NA 5 1.45) with laser power density of 100 kW cm 22 . By focusing the beam off-center, we illuminate the entire mitochondria at an inclined angle (see Fig. 1 ). The beam is shuttered and synchronized with a PhotonMax EMCCD camera (Princeton Instruments) to pass 5 ms excitation pulses only when the camera is recording frames. A violet photoconversion laser beam (405 nm Radius, Coherent) is spatially overlapped using a long-pass dichroic filter (Z405RDC, Chroma), and is focused at the sample plane. The photoconversion laser is independently shuttered using a UNIBLITZ T132 shutter controller that delivers activation pulses at power densities of order 0.1 kW cm 22 . A long-pass dichroic filter (Z555RDC, Chroma) and a band-pass filter (HQ605/75 m, Chroma) are used to separate excitation and photoconversion laser light from the fluorescence emission. Individual mitochondria are imaged at 200 Hz using up to 40 pixel lines on a PhotonMax EMCCD camera (Camera shutter: Always open, Digitizer: 10 MHz EM Gain). Metamorph 7.5 (Molecular Devices) is used to control the microscope as well as the camera.
Data analysis. We tracked the fluorophores in our hand-edited movies using the particle tracking software Diatrack (v3.03, Semasopht), which identifies and fits the intensity spots of our fluorescent particles with symmetric 2D Gaussian functions. All routines for trajectory analyses are written in IGOR Pro 6.12A. The single-molecule diffusion trajectories were analyzed by calculating CDFs 29 and MSDs 50,51 for all possible time intervals in the sample (x-y) plane. Localization precision was estimated according to Mortensen et al. 52 , using the full 5 ms-frame time dataset for Tom40 (13 single-molecule trajectories, 113 positions, average localization precision 27 nm) and Dendra2 (24 single-molecule trajectories, 379 positions, average localization precision of 23 nm).
